Cyanobacteria are among the oldest life forms on earth (64) . Their unique role in biogeochemical cycles such as photosynthesis, nitrogen fixation (6, 20) and generation, and homeostasis of oxygenic atmosphere (14) makes this diverse group of bacteria essential for all terrestrial life. Not surprisingly, cyanobacteria attract growing attention in various areas of basic and applied research (11) . Recent breakthroughs in genome sequencing opened new opportunities for a fundamental understanding of cyanobacterial physiology and evolution. For example, a comparative genome analysis provided new insights into the photosynthetic machinery of cyanobacteria and related species (12, 54, 59) .
Biosynthesis of NAD(P) cofactors is of special importance for cyanobacteria due to their role in photosynthesis and respiration. In addition to its role in innumerable redox reactions, NAD participates as a cosubstrate in a number of metabolic and regulatory processes. Some of these processes, such as NAD-dependent protein deacetylation catalyzed by the CobB/ SIR2 enzyme family (68) , are leading to the depletion of the NAD pool. Among other enzymes consuming NAD are a NAD-dependent DNA ligase characteristic of bacteria (73) , a eukaryotic DNA damage-induced poly(ADP-ribosyl) polymerase (82) , and a variety of ADP-ribosyltransferases, including many bacterial toxins (25) . Salvage and recycling pathways play an important role in the homeostasis of the NAD pool (composed of four interconverting species, NAD ϩ , NADH, NADP ϩ , and NADPH).
Although most of the biochemical transformations involved in NAD biosynthesis, salvage, and recycling were analyzed in great detail (for reviews, see references 3, 33, 35, and 48), those studies were historically focused on a few model species. NADmediated links between metabolic and signaling networks recently revealed in eukaryotic cells (16, 69, 78 ) triggered a new wave of research in yeast and mammals (for recent reviews, see references 31 and 60) . At the same time, relatively little is known about NAD biosynthesis in cyanobacteria. Although many NAD biosynthetic genes are annotated in public archives (e.g., Cyanobase [http://www.kazusa.or.jp/cyanobase/] and KEGG [http://www.genome.ad.jp/kegg/]), some of these annotations are imprecise and have not been consistently projected across all the sequenced cyanobacteria. Moreover, we are not aware of any attempt at metabolic reconstruction of respective pathways in any of the divergent cyanobacterial species. When we began this study, only one of the NAD biosynthetic enzymes, archaea-like nicotinamide mononucleotide (NMN) adenylyltransferase from Synechocystis sp. strain PCC 6803 (encoded by the slr0787 gene), was experimentally characterized (50) , although its actual physiological role remained unclear.
We used genome comparative analysis and subsystem annotation tools implemented in the SEED genomic platform (http://theseed.uchicago.edu/FIG/index.cgi) to elucidate NAD biosynthetic pathways in 13 cyanobacterial species with completely sequenced genomes (http://yersinia.uchicago.edu/public /FIG/organisms.cgi?showϭcyano). Previously, we applied a similar approach to the analysis of possible drug targets in the NAD biosynthesis of bacterial pathogens (23) . A detailed reconstruction of NAD metabolism in cyanobacteria has led us to a number of functional inferences. Some of them were further validated by focused experiments in the model system of Synechocystis sp. strain PCC 6803.
MATERIALS AND METHODS
Bioinformatics analysis. Most of the bioinformatics analysis in this study was performed using a collection of approximately 300 complete or almost complete genomes integrated in the SEED database with a set of specialized tools for genome comparative analysis and annotation (http://theseed.uchicago.edu/FIG /index.cgi). The SEED database is an open-source genomic platform provided by the Fellowship for Interpretation of Genomes, which supports the encoding and projection of metabolic subsystems across the entire collection of integrated genomes (43) . Other bioinformatics tools and resources used in this study are as follows: GenBank (http://www.ncbi.nlm.nih.gov/GenBank/index.html), PSI-BLAST (http://www.ncbi.nlm.nih.gov/BLAST/), Pfam (http://pfam.wustl.edu/), Cyanobase (http://www.kazusa.or.jp/cyanobase/), KEGG (http://www.genome.ad .jp/kegg/), JGI (http://genome.jgi-psf.org/mic_home.html), and the ERGO genomic database (Integrated Genomics, Inc.) (45) . A public version, ERGO Light (http: //www.ergo-light.com/), provides annotations and elements of metabolic reconstruction for nine genomes, including Synechocystis sp. strain PCC 6803.
We used established principles of metabolic reconstruction technology (10, 65) to infer individual reactions and pathways based on the presence of respective gene orthologs. Although this approach does not account for quantitative aspects of cellular metabolism (such as stoichiometry or gene expression), it provides an important first approximation of an organism's phenotype (also referred to as genome property in reference 24). The SEED implementation of this technology is based on annotated subsystems, collections of functional roles capturing the knowledge of a biological process in a variety of species (43) . The NAD subsystem, which was the focus of this study, included approximately 20 protein families (mostly enzymes) known to be immediately associated with the homeostasis of the NAD pool. A subset of enzymes and biochemical transformations inferred for cyanobacteria is illustrated in Table 1 and Fig. 1 .
A primary set of gene annotations was generated by conventional homologybased techniques. Refinement of annotations was performed using genome context analysis techniques, most notably clustering of functionally related genes on the prokaryotic chromosome (44) . Further analysis of variations in subsystem topology allowed us to accurately access which of the possible scenarios (functional variants) (76) are implemented in different species. Such functional context analysis within the framework of an encoded subsystem usually leads to significant improvement of the quality of gene assignments (43) and helps reveal previously uncharacterized variations, formulate open problems, and generate testable functional predictions.
Genomic sequences of most relevance for this study were as follows: Anabaena variabilis ATCC 29413 (GenBank accession no. NZ_AAEA00000000), Nostoc punctiforme PCC 73102 (GenBank accession no. NZ_AAAY00000000), Nostoc sp. strain PCC 7120 (27) (GenBank accession no. BA000019), Synechocystis sp. strain PCC 6803 (28) (GenBank accession no. BA000022), Synechococcus elongatus PCC 7942 (GenBank accession no. AP008231), Prochlorococcus marinus MIT9313 (59) (GenBank accession no. BX548175), Prochlorococcus marinus subsp. marinus strain CCMP1375 (17) (GenBank accession no. AE017126), Prochlorococcus marinus subsp. pastoris strain CCMP1986 (59) (GenBank accession no. BX548174), Synechococcus sp. strain WH8102 (47) (GenBank accession no. BX548020), Trichodesmium erythraeum IMS101 (GenBank accession no. NZ_AABK00000000), Thermosynechococcus elongatus BP-1 (38) (GenBank accession no. BA000039), Crocosphaera watsonii WH 8501 (GenBank accession no. NZ_AADV00000000), Gloeobacter violaceus PCC 7421 (39) (GenBank accession no. BA000045), Escherichia coli K-12 MG1655 (9) (GenBank accession no. U00096), Haemophilus influenzae Rd KW20 (21) (GenBank accession no. L42023), Rhodospirillum rubrum (GenBank accession no. CP000230), and Staphylococcus epidermidis ATCC 12228 (80) (GenBank accession no. AE015929).
Bacterial strains, medium components, plasmids, and reagents. E. coli strains DH5␣ (Invitrogen, Carlsbad, CA), BL21, and BL21(DE3) (Stratagene, La Jolla, CA) were used for cloning and protein overexpression. E. coli cells were grown in LB (Luria-Bertani) broth medium. Synechocystis sp. strain PCC 6803 strains were grown at 30°C in BG-11 medium (56) under continuous white light (50 mol photons m Ϫ2 s Ϫ1 ). Liquid medium was perfused with sterile air. Solid medium was supplemented with 1.5% agar (Difco Laboratories), 0.3% sodium thiosulfate, and 10 mM TES [N-tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid] buffer, pH 8.3. A pET-derived vector, pODC29, containing a T7 promoter, an N-terminal His 6 tag, and a TEV (tobacco etch virus) protease cleavage site described previously (41) or a similar vector, pProEX HTa (Invitrogen), with a trc promoter was used for cloning and protein expression. Primers were obtained from Sigma-Genosys (The Woodlands, TX) and MWG Biotech Inc. (High Point, NC). PCR reagents and enzymes for DNA manipulations were obtained from New England Biolabs (Beverly, MA) and Fermentas (Vilnius, Lithuania). Plasmid purification kits and Ni-nitrilotriacetic acid (NTA) resin were purchased from QIAGEN (Valencia, CA). Reagents for DNA sequencing were obtained from PE Biosystems (Foster City, CA). Antibiotics, buffer components, and all reagents for enzymatic assays were obtained from Sigma (St. Louis, MO).
Cloning of Synechocystis sp. strain PCC 6803 genes selected for validation experiments. The basic molecular biology procedures for plasmid preparation, restriction analysis, and transformation of competent cells were performed as described previously (63) . To perform focused validation experiments, four Synechocystis sp. strain PCC 6803 genes were cloned: (i) slr0787, a genomic fusion of the archaeal nadM homolog with the mutT-like Nudix hydrolase domain, previously shown to possess dual, NMN-specific adenylyltransferase (NMNAT) and ADPribose pyrophosphatase (ADPRP) activity; (ii) sll1916, a homolog of bacterial nicotinic acid mononucleotide (NaMN)-specific adenylyltransferase (NaMNAT) (nadD gene in E. coli); (iii) slr1691, a homolog of the nadE gene of E. coli (ATPdependent amidotransferase component of NAD synthase [NADS] ), containing an additional N-terminal domain, tentatively assigned as a glutamine amidotransferase (GAT) component of NADS based on homology with recently analyzed eukaryotic (7) and bacterial (4) enzymes; and (iv) slr0788, a homolog of the nicotinamide phosphoribosyltransferase (NMPRT) gene, recently characterized in Haemophilus ducreyi and termed nadV (34) . The DNA fragments corresponding to the coding sequences of these genes (designated here sy_nadM, sy_nadD, sy_nadE, and sy_n-adV) located at the following positions in the Synechocystis sp. strain PCC 6803 genome were amplified by PCR: bp 3044833 to 3045852, 770890 to 770291, 1983982 to 1985655, and 3045876 to 3047261, respectively (http://www.kazusa.or.jp /cyanobase/Synechocystis/) (28) . The following oligonucleotide primer pairs were used: sy_nadM5Ј (gggccATGgAAACTAAATATCAATACGGGATCTACATTG GTC) and sy_nadM3Ј (ggggtcgacCTAAACTTTGCTGACAAAATGCTGAATAA TC), sy_nadD5Ј (gggtcaTGAAAATAGCCCTTTTTGGCACCAGC) and sy_n-adD3Ј (ggggtcgacTCACTGGCGATAAAGTTG), sy_nadE5Ј (gggtcATGaTTACC ATTGCCCTTGCCCAGCTTAATC) and sy_nadE3Ј (ggggtcgacTTAACTGCCTT GGGGATGGAAAGCTTG), and sy_nadV5Ј (ggggtCATGAATACTAATCTC ATTCTGGATGTGG) and sy_nadV3Ј (ggggtcgaCTAGCTTGCGGGAACA TTGACCCTG).
Chromosomal DNA of wild-type Synechocystis sp. strain PCC 6803, isolated as described previously (19) , was used as a template. Primers were designed to incorporate an NcoI or BspHI restriction site at the 5Ј end and a SalI site at the 3Ј end of each gene (underlined in the primer sequences; mutations and added nucleotides are in lowercase letters). PCR fragments were purified, digested with respective enzymes, and cloned into an expression vector linearized with NcoI and SalI. The nucleotide sequences of the inserts were confirmed by DNA sequencing. The resulting constructs were used to transform E. coli DH5␣ for plasmid preparation and E. coli BL21 or BL21(DE3) for protein expression.
Gene inactivation in Synechocystis sp. strain PCC 6803. The DNA construct containing sy_nadM (slr0787) cloned into pProEx HTa was digested with StuI and SmaI to excise a 120-bp-long fragment of the coding sequence (12%). It was replaced with the 1.3-kb-long SmaI-HindIII DNA fragment from pUC119Cm (S. Gerdes, unpublished data) containing the Tn9 chloramphenicol acetyltransferase gene. Likewise, a recombinant plasmid containing sy_nadD (sll1916) was digested with ApaI and MunI to introduce a 104-bp-long deletion into nadD. A 3.9-kb SacB/kanamycin resistance cassette from pRL250 (13) was inserted in place of the deleted region. The resultant inactivated variants of sy_nadD and sy_nadM were used to transform wild-type Synechocystis sp. strain PCC 6803 as described previously (74) , selecting for resistance to kanamycin (20 g/ml) or chloramphenicol (5 g/ml), respectively. Antibiotic-resistant transformants were passaged repeatedly on BG-11 plates with progressively increasing concentra- 
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tions of kanamycin (up to 120 g/ml) or chloramphenicol (up to 30 g/ml) in attempts to achieve complete segregation of the introduced mutations. Additional segregation experiments with the sll1916 mutant were performed in the presence of 100 M nicotinamide. The vitamin concentration in the medium aliquots was monitored by high-performance liquid chromatography (HPLC) as follows.
Nicotinamide uptake by Synechocystis sp. strain PCC 6803. Nicotinamide was added to the BG-11 medium to a final concentration of 100 M, and wild-type Synechocystis sp. strain PCC 6803 and sll1916 mutant strains were propagated on the resultant medium for 72 h. In the case of the sll1916 mutant, 20 g/ml chloramphenicol was present in the growth medium. Aliquots were withdrawn every 6 h, cells and debris were removed by centrifugation and consecutive microultrafiltration using Microcon YM-10 centrifugal filters (Amicon, Bedford, MA), and the filtrates were analyzed on 50-by 4.6-mm C 18 columns (Supelco, Bellerofonte, PA). HPLC separation was carried out isocratically in 50 mM sodium phosphate, pH 6.2, containing 5% methanol at a flow rate of 1 ml/min. Samples were monitored at 254 nm using a Gilson (Middleton, WI) HPLC system. The sensitivity threshold of this procedure was ϳ1 M nicotinamide.
Recombinant protein expression and purification. All recombinant proteins analyzed in this study (sy_NadD, sy_NadE, and sy_NadV) were expressed as N-terminal His 6 tag fusions with a TEV protease cleavage site. The cultures were grown in LB medium with 100 g/ml Amp at 37°C in shaking flasks (200 rpm) to an optical density at 600 nm of ϳ0.8. The temperature was adjusted to 20°C, and expression was induced by the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) to 0.8 mM. Cells were harvested after ϳ12 h of shaking at 20°C.
A rapid partial purification of recombinant proteins on Ni-NTA agarose minicolumns was performed as described previously (42) . In particular, cells harvested from a 50-ml culture were resuspended and lysed in 10 mM HEPES-NaOH, pH 7.2, containing 100 mM NaCl, 2 mM ␤-mercaptoethanol, 0.03% Brij 35, 2 mM phenylmethylsulfonyl fluoride, and 1 mg/ml lysozyme. After lysis by freeze-thawing and sonication, the lysate was centrifuged, and pellets and supernatants were processed separately. Supernatants (adjusted to pH 8 using 50 mM Tris-HCl) were loaded onto 200-l Ni-NTA agarose minicolumns and equilibrated with the same buffer. After washing with the starting buffer containing 1 M NaCl and 0.3% Brij 35, bound proteins were eluted with 300 l starting buffer containing 250 mM imidazole. This quick procedure usually allows us to obtain samples of sufficient quality and quantity for activity verification. For a more detailed enzymatic analysis, one of the proteins (sy_NadE) was purified from a larger (typically 6-liter) culture using a two-step procedure using an AKTA-FPLC system similar to methods described previously (15, 29) . Briefly, the cell lysate was centrifuged (2 h at 20,000 ϫ g) and applied to a 10-ml Ni-NTA agarose column. The column was washed with the same buffer as described above, followed by washing with 0. NaMNAT and NMNAT activities were tested using coupled spectrophotometric assays as previously described (29) . The NMNAT assay is based on the coupling of NAD formation to alcohol dehydrogenase-catalyzed conversion of NAD to NADH monitored by UV absorbance at 340 nm, as originally developed by Balducci et al. (2) . The reaction was started by adding NMN to 1 mM and monitored at 340 nm over a 20-min period. To measure the NaMN-specific activity, the procedure was modified by introducing an additional enzymatic step, a conversion of deamido-NAD (NaAD) to NAD by an added excess of pure recombinant NADS as described previously (29) .
(ii) NADS activity. The continuous coupled spectrophotometric assay for NADS activity was a modification of a method described previously (77) . Reaction mixtures contained 1 mM NaAD, 2 mM ATP, 10 mM MgCl 2 , 7 U/ml alcohol dehydrogenase (Sigma), 46 mM ethanol, 16 mM semicarbazide (or 2 mM NaHSO 3 ), and 4 mM NH 4 Cl (or 2 mM glutamine) in 100 mM HEPES (pH 8.5). The reactions were carried out at 37°C and monitored by the change in UV absorbance at 340 nm using a Beckman DU-640 spectrophotometer or, for kinetic studies, in 96-well plates using a Tecan-Plus reader as described previously (29) .
(iii) NMPRT activity. An original continuous spectrophotometric assay was developed that coupled the NMPRT activity to NADH formation via two additional enzymatic steps: (a) conversion of NMN to NAD by NMNAT (a recombinant human enzyme PNAT-3 with dual NMN/NaMN specificity overexpressed and purified as described previously [79] ) and (b) alcohol dehydrogenase-catalyzed conversion of NAD to NADH. The assay was performed as described above for the NMNAT assay, except that the reaction mixture contained 2.0 mM nicotinamide instead of NMN, 5 mM ATP, and 0.15 U of human NMNAT. The reaction was initiated by the addition of phosphoribosyl pyrophosphate (PRPP) to 2 mM.
A direct HPLC-based assay was used to assess substrate specificity of sy_NadV. The reaction mixture contained 100 mM HEPES-KOH, pH 7.5, 10 mM MgCl 2 , 1 mM ATP, 5 mM PRPP, and 2 mM nicotinamide or nicotinic acid. After 30 min of incubation with the enzyme at 37°C, protein was removed by microultrafiltration using Microcon YM-10 centrifugal filters (Amicon, Bedford, MA), and the filtrates were analyzed on 50-by 4.6-mm C 18 columns (Supelco, Bellerofonte, PA) after appropriate dilution. Ion-pair separation was carried out isocratically in 50 mM sodium phosphate, pH 5.5, containing 8 mM tetrabutylammonium bromide and 8% methanol at 1 ml/min. Samples were monitored at 254 nm using a Gilson HPLC system.
RESULTS (i) Reconstruction of NAD metabolism from genomic data.
Metabolic reconstruction of NAD biosynthesis in Synechocystis sp. strain PCC 6803 and other cyanobacteria for which genome sequence data are currently available is illustrated in Table 1 and Fig. 1 . It is based on the projection of individual functional roles and pathways from model species (such as E. coli), where they were experimentally characterized (for recent overviews, see references 3, 23, 31, and 33). The initial encoding of the NAD biosynthesis subsystem and tentative annotation of respective genes were performed using the SEED software tools and included the entire collection of ϳ300 integrated genomes (http://theseed.uchicago.edu/FIG/index.cgi) (43) Table 1 ), in all cyanobacteria, they occur in scattered chromosomal loci. Nevertheless, a straightforward orthology provides us with unambiguous evidence of the de novo pathway in all compared cyanobacteria. This conclusion is consistent with annotations by other groups as well as with an autotrophic lifestyle characteristic of these organisms.
Universal pathway: from NaMN to NADP. Three enzymatic functions forming this pathway, NaMNAT (EC 2.7.7.18; E. coli nadD gene), NADS (EC 6.3.1.5; nadE gene), and NAD kinase (EC 2.7.1.23; yfjB, now renamed nadK), appear to be present in the vast majority of bacteria, including those that lack a de novo pathway and produce NaMN via niacin salvage (see below). Among a few exceptions are some intracellular pathogens and Pasteurellaceae (as previously discussed) (23, 29) . All cyanobacteria contain readily detectable homologs of all three genes of the canonical universal pathway. Moreover, nadD and nadE orthologs form a chromosomal cluster ( Fig. 2A) conserved in almost all cyanobacteria. In contrast to that finding, in Synechocystis sp. strain PCC 6803, which was the main focus of our study, nadD (sll1916) and nadE (slr1691) homologs occur in distal chromosomal loci. Moreover, Synechocystis sp. strain PCC 6803 is one of the few cyanobacterial species that also contains an alternative NMN-specific adenylyltransferase encoded within a fusion protein (slr0787), NMNAT (EC 2.7.7.1)/ADP-ribose pyrophosphatase (EC 3.6.1.13) (50). The NMNAT activity is apparently confined to the N-terminal domain of this protein, based on homology with the previously characterized archaeal NMNAT (termed NadM) (52) . The simultaneous presence of two alternative adenylyltransferases pointed to a potential ambiguity of the functional assignment of the nadD homolog, a member of a functionally divergent HIGH superfamily of nucleotidyl transferases (1, 81) . That prompted us to experimentally test whether sll1916 is the key housekeeping NaMNAT (as suggested by homology, chromosomal clustering, and functional context analysis) or whether this function in Synechocystis sp. strain PCC 6803 could be fulfilled by slr0787 as well.
Unlike Synechocystis sp. strain PCC 6803 and other unicellular cyanobacteria in our study, the three closely related filamentous heterocystous species harbor two copies of the nadD gene ( Table 1) . The first copy, located in a conserved cluster with NAPRT and NADS (alr2483 in Nostoc sp. strain PCC 7120), is similar to NadD homologs in all analyzed cyanobacteria, while the other copy (all5063) is highly divergent and is not functionally coupled to any other genes of NAD metabolism in these organisms. However, the fact that a close homolog of all5063 apparently serves as the only NadD in the cyanobacterium Gloeobacter violaceus, as well as in several gram-positive microbial species (e.g., bsu2560 in Bacillus subtilis), supports the functional assignment of this protein family as nicotinate-nucleotide adenylyltransferase (EC 2.7.7.18). Although its origin in filamentous cyanobacteria is unclear, a horizontal transfer event seems likely.
A remarkable feature that differentiates cyanobacterial NADS from most of the well-characterized bacterial homologs (e.g., NadE proteins of E. coli [46] and B. subtilis [57] ) is the presence of an additional nitrilase-like N-terminal domain ( Fig. 2A) . It was recently confirmed that a similar N-terminal domain of eukaryotic NADS performs a functional role of GAT, which is required to utilize glutamine as a source of an amido group for a consecutive ATP-dependent amidation reaction catalyzed by the C-terminal (NadE-like) domain (7) . Although the genes encoding two-domain proteins similar to eukaryotic NADS can be detected in many bacterial genomes, the data on their enzymatic characterization are relatively limited and contradictory. For example, the glutaminase role of the N-terminal (nitrilase-like) domain in the NadE homolog from Mycobacterium tuberculosis was suggested (5) and recently verified (4). On the other hand, an analogous protein from Rhodobacter capsulatus was described as strictly ammonia-dependent NADS (75) . This insufficient knowledge is reflected in highly inconsistent annotations of NadE homologs in most public archives. For example, compare annotations of slr1691: "NH(3)-dependent NAD(ϩ) synthetase (EC:6.3.5.1)" in KEGG and "glutamine-dependent NAD(ϩ) synthetase" in Cyanobase. We have decided to experimentally verify the ability of cyanobacterial enzymes with a suggested annotation, NADS/GAT, to utilize glutamine for ATP-dependent amidation of NaAD.
Salvage/recycling pathway I: from niacin to NaMN. Vitamin B 3 naturally occurs and may be utilized by many species in either of two forms, nicotinamide and nicotinic acid, which are often collectively referred to as niacin. The most common salvage pathway is a two-step conversion of nicotinamide to NaMN via nicotinamidase (NAM) (EC 3.5.1.19; gene pncA) followed by NAPRT (EC 2.4.2.11; gene pncB). This pathway is present in many species either in addition to (as in E. coli) or instead of (as in Staphylococcus epidermidis) a de novo pathway   FIG. 2 . Clustering of the genes controlling NAD(P) metabolism on the chromosome. Shown is the alignment of chromosomal contigs of respective genomes around the homologs of nadE (A), nadM (B), and nadR (C) generated in SEED (display was modified for publication). Homologous genes are shown by arrows with matching patterns. Genes assigned specific functional roles are identified by the same abbreviations defined in the legend of Fig. 1 ; hypothetical genes are identified by numbers (1, predicted MutT/Nudix family protein slr1690; 2, putative membrane-associated GTPase PMM1444) (A). Genes not conserved within the clusters are shown by open arrows. For multidomain nadE, nadM, and nadR homologs, the domain structure is outlined. Only a few representative cyanobacterial genomes out of the 13 analyzed are shown in each case. Fig. 2A) . Homologybased NAM annotations are less reliable, since they belong to a large family of paralogs with different enzymatic activities (for example, isochorismatase). Although such paralogs can be disambiguated based on chromosomal arrangement (e.g., pncA-pncB operon in B. subtilis) in some species, this is not the case in cyanobacterial genomes. An additional complexity arises due to the fact that the mechanism of niacin uptake (passive or mediated by a yet-uncharacterized transporter) remains unclear. Since both nicotinamide and nicotinic acid may be generated inside the cell due to nonredox utilization of NAD, it is often impossible to a priori discriminate between the salvage of exogenous and the recycling of endogenous niacin. Salvage/recycling pathway II: from niacin to NMN. A similar salvage-versus-recycling ambiguity applies to an alternative (nondeamidating) pathway of nicotinamide utilization via direct conversion to NMN by NMPRT (EC 2.4.2.12). This enzyme, encoded by gene nadV, originally identified in Haemophilus ducreyi (34) , occurs in a limited number of diverse species (Table 2) . A mammalian ortholog of NadV, previously described as a cytokine-like pre-B-cell colony-enhancing factor (62) , was recently shown to be a fully functional NMPRT, both in vitro (61) and in vivo (55) . Of all analyzed cyanobacteria, nadV homologs are present only in Synechocystis sp. strain PCC 6803 (gene slr0788) and Synechococcus elongatus. Functional assignment of these genes, as well as a tentative assertion of the respective pathway converting nicotinamide to NAD by consecutive reactions of NMPRT and NMNAT, bypassing NADS (a version of NMN shunt), is strongly supported by genome context analysis: (i) a strong tendency of genes encoding NMPRT and NMNAT/ADPRP to cluster on the chromosome of diverse bacteria (Fig. 2B) and (ii) an almost perfect cooccurrence profile of these genes over the entire collection of ϳ300 genomes integrated in the SEED database (Table 2) . Finally, the existence of this pathway would provide a rationale for the otherwise puzzling occurrence of two alternative adenylyltransferases (of the NadD and NadM type) in Synechocystis sp. strain PCC 6803 and Synechococcus elongatus. The physiological role of this pathway in cyanobacteria appeared to be less clear than in V-factor-independent Pasteurellaceae, where it was unambiguously implicated with the salvage of exogenous nicotinamide (34) . At least two considerations, an autotrophic lifestyle of Synechocystis sp. strain PCC 6803 and the presence of the ADPRP domain fused with one of the enzymes of the pathway, pointed to its possible involvement in the recycling of endogenous nicotinamide. The latter may be generated by a yet-uncharacterized (but previously documented) (66) enzyme(s) cleaving NAD to nicotinamide and ADP-ribose, providing a rationale for the existence of a bifunctional NMNAT/ADPRP enzyme. Experimental verification of the NMPRT activity of the Synechocystis sp. strain PCC 6803 NadV homolog (gene slr0788) and genetic experiments with nadD and nadM knockout mutants accomplished in this study support this interpretation (see below). At the same time, the actual source of free nicotinamide in Synechocystis sp. strain PCC 6803 remains unknown, since its genome does not contain homologs of NAD-dependent protein deacetylase of the SIR2 family (cobB gene in E. coli), the only known candidate for this role, which is broadly conserved in many other bacteria.
Salvage/recycling pathway III: from nicotinamide ribose. Salvage/recycling pathway III includes a PnuC-like transportermediated uptake of nicotinamide ribose, followed by its conversion to NMN by ribosylnicotinamide kinase (RNK) (EC 2.7.1.22) and then to NAD by NMNAT, also bypassing the need for NADS. We have previously shown that in E. coli and H. influenzae, both reactions are performed by another fusion protein, NadR (29, 67) . Although this pathway rarely occurs outside the ␥-Proteobacteria group, all its components appear to be conserved and clustered on the chromosome of a single cyanobacterial species, Nostoc punctiforme (Fig. 2C) .
(ii) Experimental validation. (a) NaMNAT, essential enzyme in the universal pathway of NAD biosynthesis. (I) Biochemical characterization of NadD homolog. To experimentally assess a tentative assignment of cyanobacterial NadD homologs, we have cloned Synechocystis sp. strain PCC 6803 gene sll1916, overexpressed it in E. coli, and verified the predicted NAMNAT activity of the recombinant protein partially purified (enriched) on a Ni-NTA minicolumn. Due to a relatively low yield of a soluble form of the enzyme, we have also performed a large-scale (6-liter) expression procedure followed by a two-step purification procedure (as described in Materials and Methods for NADS/GAT). The resulting (Ͼ90% pure) protein with a predicted molecular mass of 25 kDa was enzymatically characterized using previously established colorimetric coupled assays with both possible substrates, NaMN and NMN (Table 3) . The sy_NaMNAT exhibited a more-than-100-fold preference toward NaMN over NMN based on the comparison of catalytic activity at a 1 mM concentration of a Only microbial species for which complete or nearly complete genome sequences are currently available are listed. Synechocystis sp. strain 6803 genes are shown by CyanoBase identification numbers, and the presence of orthologous genes in other genomes is indicated by abbreviated SEED identification numbers. Underlining reflects the proximity of genes on the chromosome.
b Two copies of the bifunctional nicotinamide-nucleotide adenylyltransferase/ ADP-ribose pyrophosphatase are present in a genome.
either substrate. This substrate preference was consistent with the proposed role of NaMNAT in the universal NAD biosynthesis pathway (Fig. 1) . Although the observed specific activity (ϳ1 U/mg of pure enzyme) at a saturating (1 mM) concentration of NaMN is low compared to that of E. coli NaMNAT (ϳ120 U/mg of pure enzyme), it is comparable to the activity of NaMNAT from Helicobacter pylori (1.2 U/mg of pure enzyme), which was previously characterized by our group (O. V. Kurnasov and A. L. Osterman, unpublished data). This observation may be rationalized in terms of pathway/enzyme adaptation to the vastly different growth rates of these organisms. Indeed, both Synechocystis sp. strain PCC 6803 (doubling rate of 12 to 20 h) and H. pylori (doubling rate of ϳ6 h) grow much slower than E. coli (doubling rate of 0.3 h).
(II) Genetic analysis of NadM and NadD homologs. To address possible biological roles of the two alternative adenylyltransferases in Synechocystis sp. strain PCC 6803, NMNAT (50) and NaMNAT, we have attempted to inactivate the respective genes slr0787 and sll1916. Merodiploid antibiotic-resistant transformants (due to the well-known genome multiplicity of Synechocystis sp. strain PCC 6803 [8, 74] ) were readily obtained using either of the two knockout plasmids and verified by PCR analysis (Fig. 3) . To attain segregation of mutant and wild-type genome copies, continued culturing of the original transformants in the presence of increasing levels of an antibiotic (kanamycin or chloramphenicol, respectively) was performed (71, 74) . As previously shown in similar experiments, full segregation cannot be reached in the case of the 4) and slr0787 (lane 2) and sll1916 (lane 5) mutant strains as templates after two consecutive passages on BG-11 with kanamycin or chloramphenicol, respectively, and after six consecutive passages (lanes 3 and 6). Primer pairs used for PCR amplification are those used for cloning of slr0787 and sll1916 (described in Materials and Methods). The absence of the wild-type-size PCR product in lanes 2 and 3 indicates that in the genome of the slr0787 mutant strain, all copies of slr0787 were successfully substituted with the knockout construct. On the contrary, note the persistent presence of the wild-type sll1916 gene in the sll1916 mutant strain even after multiple passages with an increasing concentration of antibiotic (lanes 5 and 6). Lane M, molecular size markers. essential genes, and both wild-type and mutant alleles remain detectable in the culture (22, 40) . The segregation of mutant and wild-type genotypes was monitored by PCR (Fig. 3) . No wild-type band could be detected in the Synechocystis sp. strain PCC 6803 slr0787 mutant strain after two consecutive passages in BG-11 with kanamycin (about 2 weeks). On the contrary, the presence of the wild-type copy of the sll1916 gene remained evident in addition to the knockout allele (Fig. 3) , even after 3 months of continuous culturing of the Synechocystis sp. strain PCC 6803 sll1916 mutant strain in the presence of high concentrations of chloramphenicol. This implied that the inactivation of the NaMNAT-encoding gene (sll1916) in Synechocystis sp. strain PCC 6803 was lethal, while the NMNAT gene (slr0787) was dispensable under the growth conditions tested. No phenotypic differences were detected between the ⌬slr0787 strain and the wild type under standard growth conditions. The addition of up to 100 M nicotinamide to the growth medium did not improve the viability of the sll1916 mutant and did not lead to its segregation. The monitoring of the nicotinamide concentration in growth medium by HPLC failed to detect any decrease in the amount of this compound in the medium, indicating the absence of active uptake of nicotinamide by Synechocystis sp. strain PCC 6803. Altogether, these results suggest that in Synechocystis sp. strain PCC 6803, (i) NaMNAT is an essential component of the main universal NAD biosynthetic pathway, which cannot be compensated for by the alternative NMN-preferring enzyme, and (ii) the role of the NMPRT/NMNAT pathway is likely in the recycling of endogenous nicotinamide rather than in the salvage of exogenously provided vitamins.
(b) NADS/GAT: glutamine-utilizing enzyme in the universal pathway of NAD biosynthesis. Biochemical characterization of the NadE homolog. The goal of this verification experiment was to establish whether the Synechocystis sp. strain PCC 6803 NadE homolog is capable of utilizing glutamine as an amide donor in the ATP-dependent conversion of NaAD to NAD cofactor. The Synechocystis sp. strain PCC 6803 slr1691 gene was cloned and overexpressed in E. coli. The recombinant enzyme was purified to near homogeneity, as determined by SDS-PAGE (Ͼ95%; single major band with an observed molecular mass of 63 kDa). This protein eluted as a single peak in gel filtration with a retention volume corresponding to a monomeric form of the expected M r . Optimal conditions for the coupled colorimetric assay were established, and the enzyme activity was determined and compared using two alternative amide donors, ammonia (2 mM) and glutamine (5 mM), at saturating concentrations of other substrates, ATP (2 mM) and NaAD (1 mM), as shown in Table 3 . The specific activity of the Synechocystis sp. strain PCC 6803 enzyme with glutamine as a substrate was found to be only 2.5-fold lower than that with ammonia (0.03 and 0.08 U/mg, respectively). A comparable activity level as well as similar catalytic rates and K m values with both amide donors were reported for the two-domain form of NADS from M. tuberculosis (5) . It is important that although two-domain NADS do not seem to display a strong preference (if any) towards glutamine compared to ammonia, their ability to utilize glutamine at near-physiological concentrations is of crucial importance. In contrast to this, singledomain NADS (e.g., NadE of E. coli) are only active in the presence of ammonia, which, unlike glutamine, is not expected to be abundant in a free form in most living cells. Therefore, the actual mechanism and the immediate source of nitrogen for amidation of NaAD by single-domain NADS present in many bacteria and archaea remain unknown.
A bona fide utilization of glutamine by the Synechocystis sp. strain PCC 6803 enzyme was additionally confirmed by HPLC analysis of reaction products (data not shown). Overall, these results support the functional assignment of NADS/GAT suggested for cyanobacterial NadE homologs and provide additional evidence in favor of projecting this assignment to a large number of bacterial NadE homologs containing a nitrilase-like domain.
(c) NMPRT: the first enzyme in the nondeamidating nicotinamide recycling pathway. Biochemical characterization of the NadV homolog. To confirm the possible role of the first gene of the nadV-nadM gene cluster in Synechocystis sp. strain PCC 6803, the slr0788 gene was cloned and overexpressed in E. coli. The high overall expression level and the favorable distribution between the soluble (Ͼ80%) and insoluble forms allowed us to obtain a highly enriched sample by a one-step purification process using a Ni-NTA minicolumn (ϳ90% major band on SDS-PAGE with an expected molecular mass of ϳ55 kDa). Coupled kinetic assays were developed and used to evaluate enzymatic properties of the purified recombinant protein. In agreement with our expectations, this enzyme displayed a robust NMPRT activity, utilizing nicotinamide at least 100-fold more efficiently than nicotinate, at a 1 mM concentration of either substrate (Table 3 ). This substrate preference appears to be largely manifested at the level of binding affinity, as reflected in the difference of apparent K m values, ϳ0.08 mM for nicotinamide compared to ϳ30 mM for nicotinate, at a saturating (1 mM) concentration of PRPP cosubstrate. These values represent only a rough estimate of both kinetic parameters. In the case of a specific substrate, NAM, an apparent saturation at ϳ0.5 mM was followed by a pronounced substrate inhibition at NAM concentrations above 2 mM. This is indicative of a rather complex kinetic behavior, which was not further investigated in this study. In contrast to that, saturation was barely detectable within a feasible range of nicotinic acid concentrations (up to 100 mM). Notwithstanding the technical difficulties, these experimental data directly support both the suggested annotation and the two-step pathway (NMN shunt) inferred for Synechocystis sp. strain PCC 6803. As discussed above, this pathway in Synechocystis sp. strain PCC 6803, S. elongatus, and possibly several other divergent species containing the same gene cluster (Table 2) is likely involved in the recycling of nicotinamide generated by the glycohydrolytic cleavage of endogenous NAD.
DISCUSSION
Cyanobacteria uniquely combine oxygenic photosynthesis and aerobic respiration in one membrane system (49) . The redox state of the interconnected NAD and quinone pools is believed to be the key regulatory mechanism for these complex bioenergetics as well as numerous other metabolic processes in the cyanobacterial cell (26, 70, 72) . In a number of organisms, the NAD pool was shown to be a subject of tight homeostasis and rapid turnover, which includes a variety of catabolic and recycling pathways. For example, NAD consumption by ADPribosylating enzymes (detected in Synechocystis sp. strain PCC 6803 [66] ) by NAD-dependent DNA ligase and other NADhydrolyzing enzymes has to be counterbalanced by its resynthesis and/or recycling. Despite significant progress in the knowledge of NAD biosynthetic machinery in a number of model organisms, relatively little information was available for cyanobacteria. We applied a comparative genome analysis supported by subsystem annotation tools available in the SEED genomic platform (43) for a detailed reconstruction of NAD biosynthetic, salvage, and recycling pathways in all cyanobacterial species for which complete or nearly complete genome sequence data are currently available in public databases. This analysis led to a number of conjectures, some of which were experimentally validated in the model system of Synechocystis sp. strain PCC 6803.
All analyzed cyanobacteria invariably include two aspects of NAD(P) biosynthesis: (i) the de novo biosynthetic pathway (from aspartate to NaMN), feeding into (ii) the universal pathway (from NaMN to NADP) ( Fig. 1 and Table 1 ), which is consistent with the autotrophic lifestyle of these organisms. On the other hand, the routes for salvage of exogenous precursors and/or recycling of intracellular products of NAD degradation vary significantly between representatives of this group.
Two out of three invariable enzymes in the universal pathway represented by products of Synechocystis sp. strain PCC 6803 genes sll1916 and slr1691, tentatively assigned as (i) NaMNAT and (ii) GAT/NADS, were selected for biochemical characterization. The choice of these enzymes was dictated by their essential nature and by a certain level of ambiguity associated with their assignment (as discussed above). Although the product of Synechocystis sp. strain PCC 6803 gene slr0787 was historically the first characterized adenylyltransferase related to NAD metabolism in bacteria, our biochemical and genetic data confirmed that an alternative NaMNAT (gene sll1916) is required and sufficient for NAD biosynthesis. Enzymatic characterization of the pure recombinant protein encoded by the Synechocystis sp. strain PCC 6803 gene slr1691 confirmed that, unlike many well-characterized bacterial single-domain NADS, this enzyme is capable of utilizing glutamine in vitro. Our data, along with those previously reported for the M. tuberculosis enzyme (4), provide sufficient experimental evidence to project the proposed GAT/NADS functional assignment to a large number of bacterial NadE homologs containing a nitrilase-like N-terminal domain.
Although only half of the analyzed cyanobacteria contain recognizable salvage genes, all three known recycling/salvage routes are represented within the rest of the group (Table 1) , reflecting their adaptation to distinct ecological niches rather than the accepted phylogeny. For example, while the majority of filamentous cyanobacteria harbor a single (and the most common) niacin utilization pathway (via NAPRT to NaMN), a second pathway, nicotinamide ribose salvage, appears to be present in Nostoc punctiforme (Table 1 ). This observation is consistent with an expected availability of various NAD precursors in a unique ecological niche of N. punctiforme, which exists for most of its life cycle as a microsymbiont of fungal endocyanosis Geosiphon pyriforme (36) .
The existence of an alternative, nondeamidating pathway of nicotinamide utilization was inferred in Synechocystis sp. strain PCC 6803 and Synechococcus elongatus based on the presence of a conserved genomic cluster composed of two genes encoding enzymes for the two-step transformation of nicotinamide to NAD via NMN (Fig. 1) . Our experimental data provided additional verification of this assertion: (i) enzymatic activity and substrate specificity of the recombinant NMPRT encoded by the slr0788 gene are consistent with its proposed role in the pathway, and (ii) previously established NMNAT activity of the second gene, slr0787 (50) , along with our finding that this gene is dispensable and incapable of compensating for inactivation of the NaMNAT gene sll1916, is in agreement with its proposed role of catalyzing the second step in this pathway. Finally, the inability of Synechocystis sp. strain PCC 6803 to uptake and utilize exogenous niacin points to the likely role of this pathway in the recycling of endogenous nicotinamide. This interpretation provides a rationale for the existence of the previously characterized ADPRP domain in the slr0787 gene product. This domain may be involved in the utilization of ADP-ribose, a by-product generated along with nicotinamide during the glycohydrolytic cleavage of NAD.
The nondeamidating pathway of nicotinamide utilization (NMN shunt) appears to play an important role in mammalian cells (60) , but it is rare in bacteria and seems to be absent in archaea. While the first enzyme of the pathway, NadV-like NMPRT, is highly conserved between bacteria and eukaryotes, the second enzyme, NMNAT, is represented by at least three divergent families (32): (i) an NMNAT/NaMNAT family with dual substrate specificity as in humans (18), (ii) a NadR-like NMNAT/RNK family as in Pasteurellaceae (37, 51) , and (iii) a NadM-like NMNAT/ADPRP family as in Synechocystis sp. strain PCC 6803 (50) . An observed tight functional coupling (positional clustering and cooccurrence profile of NMNAT/ ADPRP-and NMPRT-encoding genes) as well as a peculiar phylogenetic distribution of this gene cluster (Table 2 and Fig.  2B ) may reflect relatively recent horizontal transfer events.
In summary, the detailed subsystem analysis allowed us to accurately annotate respective genes and elucidate both conserved (de novo and universal pathways) and variable (recycling/salvage pathways) aspects of NAD(P) metabolism in the entire set of 13 cyanobacterial species with completely sequenced genomes. Key conjectures about important aspects of this subsystem were validated by focused genetic and biochemical experiments in the model system of Synechocystis sp. strain PCC 6803. Of special interest is the experimentally supported assertion of the nicotinamide recycling pathway implemented in Synechocystis sp. strain PCC 6803. Positional clustering and a cooccurrence profile of the respective genes across the diverse collection of cellular organisms provide evidence for a possible role of horizontal transfer in the evolutionary history of this interesting pathway.
